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Abstract 
A major problem of spacecraft re-entry is the extreme heat generated. Sink and ablation cooling are commonly used but the cost of 
building and implementing such heat protection systems is very high. The issue of heat dissipation has, therefore, been an extensive area 
of research. Various passive and active methods of flow control have been attempted. Unfortunately, no viable cost effective 
methodologies have yet been possible to develop. At the University of New South Wales, various methods of active flow control 
technologies for application to subsonic and supersonic flows with a bias towards higher efficiency and lower energy usage are been 
explored. In this paper,  a new approach of deploying minimum counter flow jet ejection as an active flow control method for heat 
dissipation is attempted. The concept relies on imparting sufficient momentum on the strong bow shock wave formed to induce oscillation 
but low enough to avoid instability during the flow interaction. To test the concept, an Apollo command module has been employed. It 
has been subjected to a free stream Mach number of 3 and a two-dimensional numerical flow simulation using ANSYS as the 
computational fluid dynamics tool has been performed for several cases of counter flow jet injection imparted on the bow shock wave 
formed and the interaction with the oncoming flow through the frontal stagnation point of the test module and compared with no injection 
case. Results obtained are highly promising. It appears that substantial heat reduction on the body is possible using the new approach. 
This finding may be of high practical significance and open up the possibility of developing a new thermal protective system using active 
flow control of dissipating and reducing heat during spacecraft re-entry with minimum energy input.  
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T  temperature 
P pressure  
k  turbulent kinetic energy 
 rate of dissipation of turbulent energy 
CESE  emerging space conservation element, solution element  
SST  shear stress transport 
LPM long penetration model 
SPM  short penetration model 
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1. Introduction 
The heat protection technique for spacecraft during re-entry is a major issue in aeronautics and astronautics [1]. In the re-
entry process, aero heating acting on body surface can damage the surface material and inner components [2]. In order to 
ensure that the body structure and components are able to withstand high thermal stress acting on external surface, it is 
essential to incorporate appropriate and effective thermal protection systems. 
To reduce the effect of heating on the surface of the vehicle and achieve vehicle deceleration, both active and passive 
flow control methodologies have been considered. Passive flow control requires no supplementary energy injection and 
works via change of certain flow environment, such as boundary conditions and pressure gradient and works best at pre-
determined design settings. Active flow control method [3-5], on the other hand, offers greater flexibility and can be 
employed at both design and off-design conditions.  
A common passive flow control solution in heat dissipation has been the usage of a blunt body that creates a strong 
detached bow shock wave ahead of the body or a mechanical spike with attached shock wave. Conceptually, a mechanical 
spike is simply a slender rod attached to the stagnation  [6]. It introduces major modifications to 
the flow field upstream of the blunt fore- boundary 
layer from its surface and the creation of a shear layer. The shear layer propagates downstream, reattaches on the blunt fore-
body surface and envelopes a zone of recirculation in which the flow attains low pressure and velocity values. This zone 
encompasses a considerable portion of the blunt fore-body surface and results in a significant drop in surface pressure and 
temperature. Mostly, at the zone of shear layer reattachment on the blunt fore-body, the local heating rate and the surface 
temperature attain high values. The overall effect, nevertheless, is a significant reduction in both the drag and the 
aerodynamic heating. 
Counterflow ejection, 
spi . The concept has received widespread attention [7-9]. The formation of fluid spike has also been found to have 
positive effect to the heat transfer. At the same time, injection flow can also work as a cooling liquid which releases more 
heat from the surface due to phase transformation. This form of active flow control, therefore, forms an integral part of the 
various novel concepts and methodologies [10-22] that the aerodynamic research group of UNSW is developing for energy 
efficient outcomes.  
One area of direct benefit of the above technique would be in future space travel with minimum energy expenditure with 
significant positive impact on the environment in terms of less fuel burnt. This paper is a preliminary attempt towards this 
goal. In the first instance, the work is therefore an attempt to provide flow/thermal field interaction with greater details of the 
flow field affected by the deployment of counterflow jet using numerical simulation on a supersonic vehicle during its re-
entry process. A 2-D Apollo Re-entry Model is selected. The angle of attack of re-entry process is set as 0 degrees with a 
velocity of 3 Mach number. All the simulations are accomplished using ANSYS. The jet is ejected at the stagnation point 
through the introduction of extra boundary conditions. The ejected flow interacts with the upstream supersonic flow with 
subsequent heat near the stagnation point. 
1.1. Background  
Since the 1950s there has been continued interest in the application of active flow control concepts to modify or change 
the external flow fields of vehicles in order to reduce wave drag and aerothermal loads[23]. Those active flow control 
methodologies include counterflow ejection, focused energy deposition and vortex generation. Amongst them the 
counterflow has been found to be the most promising technique to reduce the drag of highly blunted nose shapes that are 
preferred for reducing aerodynamic heating at supersonic Mach numbers [24]. In the 1960s and 1970s, both gas and liquid 
counterflow or forward-facing jets were used. Warren [25] conducted an experimental study on the effect of ejecting 
nitrogen and helium gases upstream into a Mach 5.8 freestream of a sphere-cone model. The coolant gases effectively 
reduced the heat flux on the model when the freestream was not disturbed by the injected gas, that is, was quite effective at 
low coolant gas flow rates, but the coolant effectiveness was considerably reduced at larger flow rates. Romeo and Sterrett 
[26,27] did further investigations on the effect of a forward-facing jet on the bow shock of blunt body in a Mach 6 
freestream. Grimaud and McRee [28] performed stagnation-point gas injection experiment on a hemispherical-cone in a 
hypersonic arc tunnel. Their results showed that at lower coolant flow rates, the blunt body heating rates increased initially, 
but decreased with increasing flow rate, with up to a 33% reduction in heat transfer achieved for different coolants at the 
maximum coolant injection rates.  
Finley[29] analytically and experimentally investigated counterflow jets in a Mach 2.5 freestream using two jet nozzles: 
one a sonic and the other a Mach 2.6 nozzle, both having different diameter ratios with respect to the model. He detailed the 
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effects of the jet Mach number and found the flow force coefficient was critical in determining whether the flow is steady or 
unsteady.  
Keyes and Hefner[30] - ts for spacecraft deceleration in 
atmospheric decent and showed that for jets located at the periphery, the aerodynamic drag generally increased with jet total 
pressure. Jarvinen and Adam [31] showed that the flowfield had two regimes of jet penetration; long penetration (LPM) at 
in terminal shock  at large coefficients. 
Bushnell and Huffman [32] studied long penetration jet interactions and noted that the cooling effects of stagnation point 
injection depended on the penetration distance of the water jet. They also observed that the transition from long penetration 
to short penetration occurred at fixed jet exit pressure to freestream pressure ratio for all engine sizes tested. Gilinsky et 
al[33] conducted experiments to modify the shock wave of cylindrica -
supersonic flows using single and multiple needles, and opposing liquid jets. Their results showed a considerable reduction 
in drag, with the drag coefficient decreasing with flow rate. Daso et al[34] conducted experiments in a transonic blow-down 
wind-tunnel with Apollo model in Mach 3.48 and 4.0 freestreams. Higher speed camera Schlieren data revealed the shock to 
be dispersed into striations of compression waves, which suddenly coalesce to a weaker bow shock with a larger standoff 
distance as the flow rate reached a critical value. The pronounced shock dispersion could significantly impact spacecraft 
aerodynamic performance (L/D) and heat transfer in atmospheric entry and re-entry, and could also attenuate the entropy 
layer in hypersonic blunt body flows. For heat transfer, the results show significant reduction in heat flux, even giving 
negative heat flux for some of the SPM interactions, indicating that the flow wetting the model is cooling, instead of heating 
the model, which could also significantly impact the requirements and design of thermal protection system. 
Parallel to the experimental work, computational studies are needed to help establish details of flow physics and expand 
the knowledge base for the effects of counterflowing jets. Accurate computations of the counterflowing jet problem pose 
challenges due to the presence of potentially strong unsteadiness and complex shock-shock and shock-boundary layer 
interactions. Previously, Kentarro et al[35] conducted  some numerical analysis, in which axisymmetric Navier-Stokes 
equations were solved by an implicit finite difference method and k- Their numerical results showed that 
the recirculation region plays an important role for the reduction of heat flux. Their results suggested that for reduction of 
the aerodynamic heating to be effective, it is essential to cover the body surface with the cool jet flow and to form strong 
circulation regions. Daso et al[36] obtained a CFD solution for the SPM jet giving better than 15% reduction in drag, 
accounting for the jet thrust, from a sonic counterflow jet of a truncated cone-cylinder in a Mach 2 freestream. The 
numerical simulation code used was a 3-dimensional structured-grid Reynolds-averaged Navier-Stokes equations solver, 
with perfect gas, finite-rate chemistry, equilibrium chemistry and equilibrium air curve fit options that have been widely 
used. The turbulence model used was the pointwise Goldberg one equation turbulence model. Recently, in order to 
numerically resolve such complex flows with high-fidelity, Balaji et al[37] employed the emerging space conservation 
element, solution element (CESE) method, a time-accurate numerical method for unstructured meshes (triangular meshes in 
2-D and tetrahedral meshes in 3-D) designed to enforce strong flux conservation to capture unsteady waves and shocks 
simultaneously without ad-hoc numerical tuning. 
Most of the studies described above, have been more of a general theoretical nature and no attempts have been made to 
develop a method for practical application. At the University of New South Wales, the authors and their colleagues have 
been working towards the application of active flow control technologies [38-44] and contribute towards environment 
friendly outcomes. As part of such motivation, the present project was formulated to explore the possibility of developing an 
effective thermal protection system using counterflow jet ejection with substantially lower energy input and cost. 
2. Methodology 
2.1. Numerical Model and Mesh Details 
 
A two-dimensional axisymmetric configuration was considered for the numerical model.   A schematic of the model is 
shown in Figure.1. The size chosen was a scaled down version of an experimental Apollo Model. The unit of dimension is 
in millimeter. A jet was introduced which simulated the effect of counterflow jet. The axisymmetric computational domain 
consisted of six parts in total. They were inlet of fluid domain, outlet of fluid domain, wall of Apollo body, two symmetric 
faces and opening side walls. For the cases with the counterflow jet, an additional inlet jet was set at the edge of jet as 
shown in Figure.2. 
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A sample mesh used in the computations is shown in Figure 2. This mesh consisting of 98,299 elements and 64,800 
nodes was chosen after systematic grid refinement study. This involved the addition of more elements along the original 
inlet flow domain, namely, 77,089 elements and 50,720 nodes in total, until the refinement produced insignificant change in 
the results and the outcomes flow field turned out to be more accurate and realistic. 
2.2. Turbulence Model and Other Simulation Settings 
Computation of the Reynolds stresses and turbulent heat fluxes for the closure of the governing equations requires 
turbulence modeling. Commonly used turbulence models are classified in to two groups: the eddy viscosity model and the 
Reynolds stress transport model. Keysar and Degani [45] used the FLUENT as a CFD code with k-  turbulence model[46] 
or its variants such as the RNG k-  model develop by Yaknot et al [47] or the realizable k-  model developed by Shi et al 
[48] for the computational of fully expanded as well as under/over expanded axisymmetric turbulent jets. Additionally, such 
studies also used the non-isotropic four-equation Reynolds stress turbulence model of Launder et al [49]. These studies were 
able to capture most of the characteristic flow features correctly with good quantitative agreement with experimental data. 
Because of the exploratory nature of the present study, specially, some quick qualitative analysis of the flow field due to 
the counterflow jet configuration mentioned earlier was desired rather than a detailed quantitatively accurate solution. For 
this reason, a moderately fine mesh with 98,299 elements and 64,800 nodes with shear stress transport (SST) model were 
found to be adequate. The governing equations for conservation of mass, momentum, and turbulent properties were 
integrated over the mesh cells to yield a set of linear algebraic equations. Air as an ideal gas was chosen as the working fluid. 
The turbulence option was selected as medium (Intensity=5%). The solution was deemed converged when the normalized 
residuals for every transport equation fall below 10-5. Other basic settings included the upstream flow velocity (3 Mach 
number), default temperature (300K), angle of attack (0 degree). For the boundary setting of counterflow jet, an opening 
inlet was used with quite a small entrance velocity of 20m/s.  
For the transient simulation, the total time was set as 5 second with time steps of 0.01 second. Similar, solution was 
considered converged when the normalized residuals fell below 10-5. By controlling the output frequency, series pictures of 
the 5 second process were captured.  
3. Numerical results and discussions 
Initial computations were started without jet to set a base line or standard case against which the results with jet could be 
analyzed. This essentially was a steady state solution. The results for the standard case, as expected, showed the formation 
of a strong detached bow shock wave ahead of the nose of the Apollo model. These were easily identifiable in figures 3and 
4. Furthermore, the pressure and temperature contours in these figures showed distributions that were typical of flows in 
  
Fig. 1. Schematic of the axisymmetric flow domain Fig. 2. Mesh details with counterflow jet 
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front of blunt shaped bodies. This justified the use of ANSYS-CFX as a suitable tool for the proposed numerical study. The 
results are presented in Figures 3(a) (c) in terms of static temperature, static pressure and velocity distributions respectively.  
 
 
   
Fig. 3(a) Static temperature distribution 
without jet(steady) 
Fig. 3(b) Static pressure distribution 
without jet(steady) 
Fig. 3(c) Velocity distribution without 
jet(steady) 
     
       
Subsequent to the initial steady state solution, transient analyses were performed by introducing the counter flow jet ejected 
from the stagnation point of the body into the upstream flow.  The simulation results for the transient case with jet were, 
however, analyzed in terms of static temperature distributions only and are presented in Figures 4(a)-4(i) with velocity of jet 
set at 20 m/s. For ease of comparison and to maintain consistency, the same color range is used in the presentation for the 
temperature parameter. From Figures 4(a) to 4(i), the evolving flow field due to counterflow jet ejection field over a 0.09 
second can be observed. The results showed a significant decrease in temperature, justifying the viability of the continuous 
counterflow jet ejection as an active flow control technique. The figures also revealed an interesting feature, namely an 
oscillating nature of a flow around the stagnation point.  
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Fig. 4(a) (t= t0) Fig. 4(b) (t= t0+0.1s) Fig. 4(c) (t= t0+0.2s) 
   
Fig. 4(d) (t= t0+0.3s) Fig. 4(e) (t= t0+0.4s) Fig. 4(f) (t= t0+0.5s) 
   
Fig. 4(g) (t= t0+0.6s) Fig. 4(h) (t= t0+0.7s) Fig. 4(i) t= t0+0.8s) 
 
Fig. 4(a)-(j): Transient results of counterflow ejection at jet input velocity of 20 m/s 
 
To explore further, transient flow field analysis for jet input velocity of 10 m/s, was carried out. The results are presented 
in Figures 5(a)-(i). Once again there was a decrease in temperature near the frontal face of the blunt bluff body and again 
oscillation in temperature flow fields were observed near the stagnation point. 
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Fig. 5(a) (t= t0) Fig. 5(b) (t= t0+0.1s) Fig. 5(c) (t= t0+0.2s) 
   
   
Fig. 5(d) (t= t0+0.3s) Fig. 5(e) (t= t0+0.4s) Fig. 5(f) (t= t0+0.5s) 
   
Fig. 5(g) (t= t0+0.6s) Fig. 5(h) (t= t0+0.7s) Fig. 5(i) t= t0+0.8s) 
 
Fig. 5(a) (j): Transient results of counterflow ejection at jet input velocity of 10 m/s 
 
The fluctuation of the stagnation temperature at the stagnation point opening was also examined. The results are shown 
in Figures 6(a) and (b). They show higher fluctuations at 10 m/s than at 20 m/s. Stagnation temperature fluctuate according 
to time range (without jet steady temperature of stagnation point: ~818 K) 
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Fig. 6(a) Jet velocity=20m/s Fig. 6(b) Jet velocity =10m/s 
 
Fig. 6(a)-(b): The fluctuation of the jet static temperatures at the stagnation point  
4.    Conclusions  
The present study, although, limited in scope, appears very promising. It does confirm the viability of counterflow jet 
ejection method in reducing heat generated on a body placed in a supersonic flow with a strong shock wave at fairly low jet 
input velocities. This also suggests that for a particular Mach number and geometry, the process of heat dissipation can be 
improved using counterflow jet ejection that through optimisation can lead to a practical and effective thermal protection 
system for high speed vehicles. The study also confirms the suitably of using ANSYS as a CFD tool, that may prove an 
important tool to a designer. But the impact of injecting a continuous jet giving rise significant oscillation to the flow field 
around the frontal segment of the bluff body, may be indicative of instability suggesting some form of thermal oscillation 
and dispersion of heat similar to the phenomena of vortex shedding. This aspect needs further investigation and a greater 
insight into the instability phenomena may lead to more effective heat reduction techniques that will have significant impact 
on less energy usage and consequently greater impact on the environment. 
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